[1] It is shown theoretically that for high power HF 8 ionospheric heaters, such as the current HAARP heater, the 9 HF to VLF conversion can increase significantly by using a 10 two-timescale heating. A long heating pulse, t p % 1 minute, is 11 followed over the same timescale period by modulation at the 12 desired ELF/VLF frequency. The long pulse reduces the 13 electron-ion recombination coefficient, resulting in increased 14 ambient electron density and current density. The efficiency 15 increases due to the increase in the current density over the 16 time t p . Besides, the more efficient heating results from 17 sharpening of the ambient density profile at the modified 18 height that reduces low altitude self-absorption. It is shown 19 that following the long preheating pulse by amplitude 20 modulated heating at VLF frequencies can result in 21 efficiency increase of up to 7 dB over the non-preheated 22 case. In addition to the theory the letter describes proof-of-23 principle experiments using the completed HAARP. [2] The generation of ELF/VLF waves by modulated 31 heating of the lower auroral ionosphere has been the subject 32 of numerous theoretical [Tripathi et al., 1982; Papadopoulos 33 et al., 1989 Papadopoulos 33 et al., , 1990 Zhou et al., 1996] and experimental [Barr 34 and Stubbe, 1984, 1991; Rietveld et al., 1986 Rietveld et al., , 1987 Ferraro 35 et al., 1989; McCarrick et al., 1990; Milikh et al., 1999; 36 Mironenko et al., 1998; Papadopoulos et al., 2003 Papadopoulos et al., , 2005 37 investigations. A critical issue in the practical implementa-38 tion of the technique is the HF to VLF conversion efficiency 39 and its scaling with the increase in the HF power. Straight-40 forward analysis predicts that the conversion efficiency h 41 will scale at least as the square of the HF power P (h $ P 2 ). 42 The scaling issue is a very opportune one since the power of 43 the HAARP heater in Gakona, Alaska has recently increased 44 from the level of 0.96 MW to approximately 3.6 MW. On the 45 basis of this argument we expect that the completed HAARP 46 facility operating at 3.6 MW power will increase the effi-47 ciency by approximately 12 -14 dB. In this letter we 48 demonstrate theoretically that by using multiple time scale 49 heating the VLF generation efficiency can further increase 50 by 3 -7 dB thereby achieving 20 dB overall efficiency 51 increase over the current 0.96 MW operation. In addition 52 to the theory the letter describes proof-of-principle experi-53 ments using the completed HAARP. shorter than few ms the electron density is essentially 86 constant.
24 Citation: Milikh, G. M., and K. Papadopoulos (2007) , 25 Enhanced ionospheric ELF/VLF generation efficiency by 26 multiple timescale modulated heating, Geophys. Res. Lett., 34, LXXXXX, doi:10.1029/2007GL031518. [2] The generation of ELF/VLF waves by modulated 31 heating of the lower auroral ionosphere has been the subject 32 of numerous theoretical [Tripathi et al., 1982; Papadopoulos 33 et al., 1989 Papadopoulos 33 et al., , 1990 Zhou et al., 1996] and experimental [Barr 34 and Stubbe, 1984, 1991; Rietveld et al., 1986 Rietveld et al., , 1987 Ferraro 35 et al., 1989; McCarrick et al., 1990; Milikh et al., 1999; 36 Mironenko et al., 1998; Papadopoulos et al., 2003 Papadopoulos et al., , 2005 37 investigations. A critical issue in the practical implementa-38 tion of the technique is the HF to VLF conversion efficiency 39 and its scaling with the increase in the HF power. Straight-40 forward analysis predicts that the conversion efficiency h 41 will scale at least as the square of the HF power P (h $ P 2 ). 42 The scaling issue is a very opportune one since the power of 43 the HAARP heater in Gakona, Alaska has recently increased 44 from the level of 0.96 MW to approximately 3.6 MW. On the 45 basis of this argument we expect that the completed HAARP 46 facility operating at 3.6 MW power will increase the effi-47 ciency by approximately 12 -14 dB. In this letter we 48 demonstrate theoretically that by using multiple time scale 49 heating the VLF generation efficiency can further increase 50 by 3 -7 dB thereby achieving 20 dB overall efficiency 51 increase over the current 0.96 MW operation. In addition 52 to the theory the letter describes proof-of-principle experi-53 ments using the completed HAARP.
54
[3] Before discussing the results and the underlying phys-55 ics considerations it is important to note that the methodology 56 used to asses the efficiency is based on recent experimental 57 results [Papadopoulos et al., 2005 [Papadopoulos et al., , 2006 Rietveld et al., 58 1987; Rietveld and Stubbe, 2006] 
87
[5] However, this is not the case for long heating pulses.
88
For heating times longer than tens of seconds the resultant 89 electron heating increases the electron density by reducing 90 the electron-ion recombination rate [Gurevich, 1978] . 
103 It is important to note that while the density relaxation time 104 is of the order of one minute the temperature relaxation time 105 is only of the order of 10-100 ms.
106
[6] The above considerations dictate the following strat-107 egy for efficiency enhancement using a two-timescale heat-108 ing. A long heating pulse, t p % 1 minute, is followed over 109 the same timescale period by modulation at the desired 110 ELF/VLF frequency f ) 1/t p . The efficiency increase is the 111 result of the increase in the current density j 0 in equation (1) 112 over the time T 0 and, as shown later on, of the more 113 efficient heating resulting from sharpening of the ambient 114 density profile at the modified height.
115
[7] A computation of the efficiency increase by two time-116 scale heating requires two steps. First, we compute the 117 density profile expected from long pulse heating as a 118 function of the heater Effective Radiated Power (ERP), 119 ambient ionospheric model, and pulse length. Second, we 120 will use the modified steady density model as input in the 121 code described by Papadopoulos et al. [2003 Papadopoulos et al. [ , 2005 to 122 determine the amplitude of the impulse response as a 123 function of the short pulse length and ionospheric profile 124 as compared to the single time-scale heating. These com-125 putations are presented in the next two sections. [8] The steady state level of the modified density profile 129 was computed in two steps: First, the Heater Code (HT) 130 described in detail by Papadopoulos et al. [2003] was run to 131 compute the steady state temperature profile. The HT code 132 is a 1-D fluid code that models the absorption of the HF in 133 the ionosphere, the accompanying electron heating, and the 134 modification of the collision frequency and tensor conduc-135 tivity in a self-consistent manner. Inputs to the code are the 136 electron density profile as a function of altitude, and the 137 heater ERP, frequency, polarization, and heating pulse 138 length. A number of ionospheric profiles similar to the ones 139 discussed by Rietveld et al. [1986] are used defined by the 
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[9] Second, since the timescale for the density modifica-153 tion is of the order of one minute or longer, the density profile 154 is computed by using a quasi-analytic algorithm. Namely by 155 solving the ionization/recombination balance equation
where q is the ambient ionization rate, with the initial condition n e (t = 0) = n 0 , and n 0 is the ambient electron 159 density. For t > 0, the solution of equation (3) yields
where a 0 = a(T 0 ), a 1 = a(T 1 ). Using equation (2) 
170
[10] Note that the altitude of maximum density modifica-171 tion is determined by the two height dependent factors, T e (z) 172 and t ch (z), the latter in turn depends upon n 0 (z). As revealed 173 by the right panel of Figure 1 at the relatively low heating 174 time the n(z) increases at the altitudes higher than 80 km 175 where the ambient electron density n 0 (z) is large and thus the 176 heating time t ch (z) is short. When the heating time increases 177 the electron density at the lower altitudes rises. Finally, under 178 very long heating pulse the peak of electron density modi-179 fication coincides with the peak of the electron temperature. 180 Another important parameter in our analysis is the charac-181 teristic timescale required for the density to reach its steady 182 state value as function of altitude shown as a continuous line 183 in Figure 1 (left) . The heating length required to reach .9 of 184 its steady state value n 0 ffiffiffiffiffiffiffiffiffiffiffiffi ffi a 0 =a 1 p is of t ch . We computed the 185 pulse length required to reach steady state value as a function 186 of altitude for a quiet, nighttime ionospheric density profile. 187 In fact, for the maximum density modification at 80 km (see 188 Figure 1 ) the required pre-heating pulse lengths should be 189 between 100-1000 s. Furthermore, since t ch increases with 190 decreasing altitude, pulses of the order of t ch at 80 km will 191 produce a sharp density profile such as shown in Figure 1 , 192 which will reduce the undesirable nonlinear absorption at the 193 lower altitude.
4. Waveforms in the Presence of Pre-heating

195
[11] A numerical model that describes ELF/VLF gener-196 ation has been developed over past several years, and 197 checked against observations [Papadopoulos et al., 2003 [Papadopoulos et al., , 198 2005 . There are two steps in the computation. The first 199 computes the spatio-temporal profile of the current density 200j(r, t) induced by the heater. This is done by using the HT 201 heating code discussed above. The second computes the 202 near field at the observation site, which we take as the origin 203 of the coordinate system, by using the retarded potential 204 method. The vector potential due to an ionospheric current 205 which fills in the volume 2 is
206 where m 0 is permeability of free space, j is the current 208 density, and r 12 is the distance between the observation 209 point 1 and the integrated volume. Furthermore, the 210 magnetic field generated by the current is given bỹ
212 From these equations and assuming an ambient electric field 213 E 0 in the x direction, the Hall (B x ) and Pedersen (B y ) 214 components of magnetic field at the observation point are 215 given by (8) and (9) density profile due to a long pulse as discussed in Section 3.
232
Finally, rerun the code using the modified electron density 233 profile instead of the ambient one. Hall and Pedersen waveforms generated by HF pulse lengths of 100 ms, f = 9.0 MHz, ERP = 95.7 dBW, X-mode for quiet nighttime ionospheric profile. The bottom pulses correspond to the absence of preheating, while the remaining pulses by the preheating at of f = 4 MHz, ERP = 88.3 dBW, X-mode and pulse lengths of 100, 200, 300 s (from the bottom to the top). The very top trace corresponds to the steady state value.
246 magnetic field on the ground scales as B / j 0 / n e (see 247 equation (1)). Therefore the increased electron density 248 caused by the preheating and shown in Figure 1 leads to 249 the respective increase in the VLF signal.
250
[13] We conducted a study by varying the heating fre-251 quency between the 4 -9 MHz using the full HAARP ERP 252 while keeping the preheating pulses same as above. The 253 results indicate that the pre-heating effect optimizes at the 254 highest HF frequency for modulated heating. It is due to the 255 fact that the electron density modification peaks at about 256 85 km (see Figure 1 ) favoring heating at high HF frequency 257 due to the reduction of the low altitude self absorption. Figure 3 shows the ratio of the total magnetic 263 flux generated by HF-pulses at 9 MHz, ERP = 95.7 dBW, 264 X-mode, and preheated by a long pulse of 4 MHz, ERP = 265 88.3 dBW, X-mode, to that of a similar pulse without 266 preheating. The computation was made for a variety of 267 pulse lengths corresponding to VLF frequencies and for 268 three different preheating pulse lengths. The short pulses 269 were generated by HF at 9 MHz frequency, X-mode, and 270 full HAARP ERP. Figure 3 indicates that the strongest 271 increase of the magnetic flux due to preheating can reach 272 7 dB for an infinite preheating pulse, and reduces with 273 shorter preheating pulses. Furthermore, the effect depends 274 upon the modulation frequency, in a fashion similar to the 275 one discussed by Papadopoulos et al. [2005] in the absence 276 of preheating. In fact, short pulses which length matches the 277 electron heating time are more efficient in generating ELF 278 signals than longer pulses. (3) equal to the size of the irradiated spot L, thus we get
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[16] Equation (12) preheating. It will be followed by a modulated heating at Figure 3 . Ratio of the total magnetic flux generated by HF-pulses at 9 MHz and ERP = 95.7 dBW, X-mode for quiet nighttime ionospheric profiles, preheated by a long pulse at f = 4 MHz, and ERP = 88.3 dBW, X-mode to that without preheating (f/f 0 ) as a function of the short pulse length, for preheating by pulse lengths of 100, 200, 300, 500 s and by a very long pulse (from the bottom to the top respectively).
